Human glycolipid transfer protein (hsGLTP) forms the prototypical GLTP fold and is characterized by a broad transfer selectivity for glycosphingolipids (GSLs). The GLTP mutation D48V near the 'portal entrance' of the glycolipid binding site has recently been shown to enhance selectivity for sulfatides (SFs) containing a long acyl chain. Here, nine novel crystal structures of hsGLTP and the SF-selective mutant complexed with short-acyl-chain monoSF and diSF in different crystal forms are reported in order to elucidate the potential functional roles of lipid-mediated homodimerization. In all crystal forms, the hsGLTP-SF complexes displayed homodimeric structures supported by similarly organized intermolecular interactions. The dimerization interface always involved the lipid sphingosine chain, the protein C-terminus (C-end) and -helices 6 and 2, but the D48V mutant displayed a 'locked' dimer conformation compared with the hinge-like flexibility of wild-type dimers. Differences in contact angles, areas and residues at the dimer interfaces in the 'flexible' and 'locked' dimers revealed a potentially important role of the dimeric structure in the C-end conformation of hsGLTP and in the precise positioning of the key residue of the glycolipid recognition centre, His140. ÁY207 and ÁC-end deletion mutants, in which the C-end is shifted or truncated, showed an almost complete loss of transfer activity. The new structural insights suggest that ligand-dependent reversible dimerization plays a role in the function of human GLTP.
Human glycolipid transfer protein (hsGLTP) forms the prototypical GLTP fold and is characterized by a broad transfer selectivity for glycosphingolipids (GSLs). The GLTP mutation D48V near the 'portal entrance' of the glycolipid binding site has recently been shown to enhance selectivity for sulfatides (SFs) containing a long acyl chain. Here, nine novel crystal structures of hsGLTP and the SF-selective mutant complexed with short-acyl-chain monoSF and diSF in different crystal forms are reported in order to elucidate the potential functional roles of lipid-mediated homodimerization. In all crystal forms, the hsGLTP-SF complexes displayed homodimeric structures supported by similarly organized intermolecular interactions. The dimerization interface always involved the lipid sphingosine chain, the protein C-terminus (C-end) and -helices 6 and 2, but the D48V mutant displayed a 'locked' dimer conformation compared with the hinge-like flexibility of wild-type dimers. Differences in contact angles, areas and residues at the dimer interfaces in the 'flexible' and 'locked' dimers revealed a potentially important role of the dimeric structure in the C-end conformation of hsGLTP and in the precise positioning of the key residue of the glycolipid recognition centre, His140. ÁY207 and ÁC-end deletion mutants, in which the C-end is shifted or truncated, showed an almost complete loss of transfer activity. The new structural insights suggest that ligand-dependent reversible dimerization plays a role in the function of human GLTP.
Introduction
Regulated interaction between specific proteins, commonly referred to as reversible dimerization, serves as a fundamental mechanism by which cells are able to control many key processes (Kuriyan & Eisenberg, 2007) . Examples include normal processes such as dimerization-induced activation of various growth-factor receptors by their ligands as well as pathological events such as those occurring during the dimerization of the transmembrane precursor amyloid protein in Alzheimer's disease. Accordingly, the control of dimerization at protein-protein contact regions has emerged as a new strategy for drug development (Rollins et al., 2000) .
Many dimerization events take place in biomembranes, involving both transmembrane and monotopic integral proteins and enabling cell-surface binding events to initiate signalling cascades within the cell interior. In contrast, the role of dimerization in controlling the action of amphitropic peripheral proteins that can exist in water-soluble and lipidbilayer-bound states (Burn, 1988; Johnson & Cornell, 1999 ) is often less clear. Among such proteins are the so-called lipidtransfer proteins, which reside in the cell cytosol but also bind to membranes transiently and reversibly to achieve intermembrane lipid transfer. The potential role of dimerization in regulating the function of lipid-transfer proteins remains largely unexplored, but could involve the regulation of protein translocation on/off the membrane or loading/unloading of lipid cargo while the protein is docked on the membrane surface.
Previously, we determined the crystal structure of human glycolipid transfer protein (hsGLTP) in the lipid-free form and in complex with various glycosphingolipids (GSLs; Malinina et al., 2004 Malinina et al., , 2006 Samygina et al., 2011) . The structure belongs to the all-class and consists of two layers of helices, which form a sandwich with a hydrophobic pocket for lipid chains referred to as the GLTP fold (Structural Classification of Proteins; http://scop.mrc-lmb.cam.ac.uk/scop). In human GLTP, a glycolipid headgroup recognition centre located on the protein surface enables selective binding of the GSL head and ceramide amide groups via multiple specific interactions (Malinina et al., 2004) . Only minor changes are needed for different GSL types (Malinina et al., 2006; Samygina et al., 2011) , consistent with the broad specificity of GLTP for various GSLs (Brown & Mattjus, 2007; Abe, 1990; Kenoth et al., 2010) . Encapsulation of lipid chains within the hydrophobic pocket involves a cleft-like gating mechanism that results in two glycolipid-binding modes. In the 'sphingosine-in' mode, encapsulation of both the acyl and sphingosine chains occurs within a single GLTP monomer and has only been observed for GSLs containing N-oleoyl acyl chains (Malinina et al., 2004; Samygina et al., 2011) . In the 'sphingosine-out' mode, common to all other (over a dozen tested) GSLs, the sphingosine chain projects outwards and enters the hydrophobic interior of a partner GLTP monomer as part of a lipidmediated homodimeric arrangement. Other approaches such as analytical centrifugation, gel-filtration and dynamic light scattering (DLS), which all operate in solution and use different ranges of sample concentrations, show different percentages of GLTP dimerization from negligibly small to almost complete (Malinina et al., 2004; Zhai et al., 2009; Samygina et al., 2011) , indicating reversibility of the dimer formation. In silico interaction propensity analyses of human GLTP (Malinina et al., 2006) predict strong enhancement of dimer formation when GLTP binds GSL in the sphingosineout mode. We therefore hypothesize that reversible homodimerization of GLTP-GSL complexes can play an important role in GLTP function.
To elucidate the structural dynamics of the GLTP-GSL dimer and associated adaptations, we comparatively analyzed nine novel crystal structures of wild-type GLTP (wtGLTP) and the sulfatide-specific mutants D48V and A47D/D48V complexed with N-lauroyl-containing monosulfatide (Nlauroyl-3-O-sulfo-galactosylceramide; hereafter referred to as 12:0 monoSF) and disulfatide (N-lauroyl-3,6-di-O-sulfogalactosylceramide; hereafter referred to as 12:0 diSF) in different crystal forms and compared them with previously studied GLTP-24:1 monoSF complexes (Samygina et al., 2011) . The resulting structural insights unambiguously indicate a specific hinge-like flexibility of GLTP-SF dimers which is prohibited in the D48V dimers owing to expanded intermonomer contacts. Comprehensive analysis of the dimerization interfaces discloses -helices 6 and 2 and the protein C-terminus (C-end) as three specific structural elements that are simultaneously involved in dimer formation and ligand binding by GLTP. The mutations D48V and A47D/D48V, which reversibly regulate access of sphingosine to the hydrophobic pocket (Samygina et al., 2011) , mediate the regulation in the disulfatide (12:0 diSF) differently compared with the monosulfatide (12:0 monoSF) or in the short-acyl-chain sulfatide (12:0 monoSF) compared with the long-acyl-chain sulfatide (24:1 monoSF). In the 'locked dimer' of the D48V mutant and the hinge-flexible dimers of wtGLTP, proteinligand adaptations affect the same regions but operate differently, allowing multiple comparisons and analyses, which are helpful in the search for possible impacts of homodimerization on the function of GLTP. In particular, the important role of the C-terminus in hsGLTP has become apparent. The C-end is involved in a network of interactions that supports the key residue His140 of the recognition centre in an appropriate conformation for GLTP-GSL recognition. In the D48V mutant, in which the 'locked hinge' of the protein-diSF dimer induces significant changes in the position of the C-end upon dimer formation, this network becomes partially disrupted and residue His140 no longer forms the key hydrogen bond anchoring the lipid. Two mutants, ÁY207 and ÁC-end, in which the C-end (Val209) is shifted or truncated show an almost complete loss of transfer activity, confirming the important functional role of the C-terminus in hsGLTP.
Materials and methods

Plasmid construction and mutagenesis
The ORF encoding human GLTP (NCBI GenBank Accession No. AF209704) was subcloned into the pET-30 Xa/LIC expression vector (Novagen) by ligation-independent cloning, enabling cleavage of the N-terminal His 6 -S tag to yield a protein identical in sequence to native GLTP. The sitedirected D48V-GLTP mutant was obtained using the QuikChange Site-directed Mutagenesis Kit (Stratagene) and was verified by sequencing. A similar approach was applied to obtain the mutants T207L, ÁC-end and ÁT207 and the double mutant A47D/D48V.
Protein expression and purification
Transformed Escherichia coli BL21 (DE3) cells (Novagen) were grown in Luria-Bertani medium at 310 K, induced with 0.1 mM IPTG and grown for an additional 16-20 h at 288 K. Wild-type GLTP and all mutants were purified from soluble lysate by Ni-affinity chromatography as detailed previously (Airenne et al., 2006) . His-tag sequences were removed using factor Xa and the GLTP was further purified by FPLC sizeexclusion chromatography using a HiLoad 16/60 Superdex 75 prep-grade column (Amersham Biosciences). research papers 2.3. Crystallization and X-ray data collection Crystals of wild-type GLTP, D48V-GLTP and A47D/D48V-GLTP complexed with 12:0 monoSF or 12:0 diSF were grown by the hanging-drop vapour-diffusion method using PEG 3350 or 8000 (15-20%) as precipitant and 100 mM MES pH 5-7 containing 30-150 mM NaCl as buffer (Malinina et al., 2004 (Malinina et al., , 2006 Samygina et al., 2011) . All lipids were obtained from Avanti Polar Lipids (Alabaster, AL, USA). Protein-lipid complexes were prepared by mixing protein and lipid in a 1:1 molar ratio using lipids dissolved in ethanol ($40% EtOH). Crystals were transferred into well solution containing 20% glycerol as cryoprotectant, mounted in a fibre loop and flashcooled in a cold nitrogen stream. X-ray data were collected at 100 K using synchrotron radiation on beamline ID 23-1 at the ESRF, Grenoble, France, except for crystal form 1 of wtGLTP complexed with 12:0 monoSF and crystal form 2 of wtGLTP complexed with 12:0 diSF, data for which were collected at CIC bioGUNE at the Cu K wavelength (1.54 Å ) using an X8 PROTEUM system (Bruker) with a CCD detector. All data were processed and scaled using the HKL-2000 program suite.
Structure determination and refinement
All structures were determined by the molecular-replacement (MR) method using the programs AMoRe (Navaza, 1994) or MOLREP (Vagin & Teplyakov, 2010) with the previously refined complexes as models (Malinina et al., 2004 (Malinina et al., , 2006 Samygina et al., 2011) . Refinement was performed with REFMAC (Murshudov et al., 2011) , alternating with manual model rebuilding using TURBO-FRODO and Coot. The ARP/ wARP automatic procedure was used to add solvent molecules (Lamzin & Wilson, 1993) . Final structures were validated by PROCHECK. The coordinates have been deposited in the Protein Data Bank. Data-collection and refinement statistics, together with space groups and unit-cell parameters, are summarized in Tables 1 and 2 .
Fluorescent lipids
(Per-PC) were synthesized as described previously (Molotkovsky & Bergelson, 1982; Molotkovsky et al., 1991) 
Fluorescence lipid transfer between membranes
Real-time intermembrane transfer rates of fluorescent glycolipids by wt-GLTP and mutants were obtained by Fö rster resonance energy transfer using a SPEX FluoroMax spectrofluorimeter (Horiba Scientific), with excitation and emission bandpasses of 5 nm and a stirred ($100 rev min À1 ) and temperature-controlled (298 AE 0.1 K) sample cuvette holder (Samygina et al., 2011) . Both fluorescent lipids were localized initially to the donor vesicles, formed by rapid ethanol injection and comprised of POPC plus 1 mole % AV-glycolipid and 1.5 mole % Per-PC. Minimal emission by AV-glycolipid occurred upon excitation (370 nm) because of resonance energy transfer to nearby Per-PC. Addition of a tenfold excess of sonicated POPC acceptor vesicles produced minimal change in the fluorescence signal because of the very slow spontaneous transfer of lipids with long acyl chains (Mattjus et al., 1999; Brown, 1992) . Addition of catalytic amounts of GLTP triggered a sudden, exponential increase in AV emission intensity (415 nm) as the protein transported AV-labelled glycolipids from donor vesicles to acceptor vesicles, creating separation from 'nontransferable' Per-PC. Addition of detergent after extended incubation provided a measure of the maximum AV intensity achievable by 'infinite' separation from Per-PC. Nonlinear regression analyses using Origin 7.0 (OriginLab) provide the initial lipid-transfer rate, 0 , for the first-order exponential transfer process. Standard deviations were calculated at the 95% confidence interval. R 2 values for all of the estimates were >0.96.
Preparation of donor and acceptor vesicles
Donor vesicles composed of POPC (99 mole %), AVglycolipid (1 mole %) and Per-PC (1 mole %) were prepared by rapid ethanol injection into buffer rapidly stirred in the cuvette at 298 K as described previously (Mattjus et al., 1999) . Prior to injection, all three lipids were mixed together in hexane, dried under nitrogen and then redissolved in ethanol (HPLC grade). Each ethanol injection (5 ml) contained $175 pmol of AV-glycolipid. After dilution, the final ethanol concentration was less than 0.2%. The acceptor vesicles were prepared in the following way. POPC was dried onto a glass round-bottom flask in vacuo before hydrating in sodium phosphate buffer pH 6.6 at a 50 mM concentration and suspending by vortexing. The suspension was probe-sonicated intermittently under nitrogen until opalescent and was then centrifuged for 90 min at 100 000g to remove probe particles and multilamellar vesicles. Table 2 X-ray data-collection and refinement statistics for new crystal forms of wild-type GLTP and the D48V mutant complexed with 12:0 monoSF (monosulfatide) and 12:0 diSF (disulfatide).
Values in parentheses are for the highest resolution shell. was $85 mM, which was 10-15-fold higher than the donor concentration.
Dynamic light scattering
Dynamic light-scattering (DLS) measurements were performed using a DynaPro Titan instrument from Wyatt Technology Corporation (with a laser of $830 nm wavelength). Measurements were performed in the protein concentration range 1-4 mg ml À1 in 150 mM NaCl, 20 mM Tris-HCl buffer pH 8.0 at 291 K. Complexes with lipid were prepared immediately prior to measurement using protein: lipid ratios in complexes of 1:1. All buffers were centrifuged at 27 000g for 30 min and filtered through 0.2 mm membrane filters (Whatman). Data were collected and analyzed using the DYNAMICS software for the DynaPro Titan instrument (Wyatt Technology Corporation).
Results and discussion
3.1. 'Universal' dimeric crystal structure of GLTP-GSL complexes and DLS analyses Among the many GLTP-GSL complexes that we have studied previously (Malinina et al., 2004 (Malinina et al., , 2006 Samygina et al., 2011) , the only one that displayed a monomeric crystal structure was GLTP complexed with N-oleoyl-containing glucosylceramide (18:1 GlcCer). All other complexes involving GSLs with 8:0, 12:0, 18:1, 18:2 or 24:1 acyl chains and lactose, glucose, galactose or 3-O-sulfogalactose headgroups formed dimeric crystal structures. Similar dimeric arrangements also were found in the sulfatide-selective mutants D48V and A47D/D48V complexed with N-nervonoyl-containing sulfatide (24:1 monoSF; Samygina et al., 2011). On the other hand, all previous dimeric complexes formed isomorphous crystals. Therefore, two unresolved questions persist: (i) can similar dimeric structures result from different crystal arrangements and (ii) can GLTP-lipid complexes form a dimeric molecular structure in solution?
With the 24:1 monoSF ligand, we previously showed using DLS analyses that binding to wtGLTP or D48V-GLTP promotes dimerization in solution (Samygina et al., 2011) . Similar DLS analyses demonstrate that binding of 12:0 monoSF and 12:0 diSF by wtGLTP or D48V-GLTP also promotes homodimerization (Supplementary Table S1 1 ). Thus, our data suggest that glycolipid-induced homodimerization could be functionally important for GLTP.
Towards a structural dynamics study: different crystal forms of the same complexes
To explore the structural dynamics of GLTP-GSL dimers, we cocrystallized 12:0 monoSF and 12:0 diSF in complex with wtGLTP and the SF-selective mutants D48V and A47D/D48V in different crystal forms. We determined nine novel crystal structures that could be classified into two groups. Table 1 contains the X-ray data and refinement statistics for class 1 crystals, which are isomorphous to previously studied GLTP crystals (Malinina et al., 2004 (Malinina et al., , 2006 Samygina et al., 2011) . Table 2 shows the X-ray data parameters for the same complexes crystallized in distinct crystal forms. To highlight the general difference in crystal arrangements, Table 2 includes two additional parameters: N, the number of protein monomers in the asymmetric unit, and V, the mean volume per protein monomer calculated by dividing the asymmetric unit volume by N. In class 1 crystals, N is always 1 and V equals (1) (3ric) 75.3 15.7 1040 1890 † The line connecting the C atoms of residues 41 and 63 was taken as the 2 helix axis. ‡ Surface-contact areas were calculated with the CCP4 suite. § Names as cited in the text. } Interhelical angles ( angles) and midpoint distances (t distances) were calculated using the INTERHLX program (K. Yap, University of Toronto). † † Nonsulfated ligand from Malinina et al. (2006) .
(53-55) Â 10 3 Å 3 , which corresponds to the crystal content being approximately half water. In class 2 crystals, N is 2, 4 or 1, indicating the potential structural distinctions between monomers which are not related by crystallographic symmetry. The value V also varies significantly, indicating distinctions between crystal polymorphs. For instance, in crystal form 2 V is about 80 Â 10 3 Å 3 , which corresponds to the crystal content being $2/3 water.
Do the systematic variations in isomorphous crystals indicate dimer flexibility?
Despite their isomorphism, class 1 crystals do not possess completely equivalent unit-cell parameters. In contrast, the parameters show systematic variations related to the complex type (Supplementary Table S2 ). In other words, small reproducible deviations ($3 Å ) of the unit cells distinguish the complexes of neutral GSLs (GalCers and LacCers) from those of sulfatides (12:0 monoSF, 24:1 monoSF or 12:0 diSF) in wild-type GLTP. Similarly, SF complexes with mutant D48V systematically deviate from those with wtGLTP or the double mutant A47D/D48V. The systematic nature of these variations in different complex types implies that the homodimeric structure of the GLTP complexes possesses intrinsic flexibility.
Similar dimer arrangement in different crystal forms
Although the crystal packing differs in various crystal forms (Tables 1 and 2) , we found a similar dimeric structure in all crystals, indicating the non-randomness of GLTP-SF homodimerization. For instance, the dimer formed by two molecules in the asymmetric unit of crystal form 2 is similarly arranged as the dimer observed in the original crystal belonging to space group C2 (Malinina et al., 2004) . In crystal form 3, the four molecules comprising the asymmetric unit form two dimers similar to the original C2 dimer. Moreover, in crystal form 4, which belongs to the hexagonal space group P6 4 22, the GLTPdiSF complex also forms a homodimer with a symmetryrelated partner as in the original C2 dimer. Importantly, in all of these crystals the homodimeric arrangements are identical, indicating that conserved and specific intermonomer interactions occur which regulate and promote this dimerization.
3.5. The hinge-like flexibility of wild-type dimers versus the locked dimer of D48V-GLTP Fig. 1(a) shows the overall dimeric view of wtGLTP complexed with N-lauroyl-containing monosulfatide (12:0 monoSF) in sphingosine-out mode. The outwardly extending sphingosine chain enters and interacts with the hydrophobic pocket of the partner GLTP monomer, as well as making antiparallel cross-bridging hydrophobic contacts with the sphingosine chain projecting from the partner GLTP. In addition to sphingosine-sphingosine and sphingosine-protein contacts, another contribution to the monomer-monomer interactions within the dimer is made by the multiple proteinprotein contacts analyzed in the next section. Fig. 1(b) shows an overall view of the D48V mutant complexed with 12:0 monoSF, which shares similarity with the wild-type complex (Fig. 1a) . However, an essential distinction between the two dimers becomes apparent upon careful comparison: the wtGLTP dimeric arrangement is more 'open' than that of the mutant. A reasonable measure of 'dimer openness' is the angle between the two 2 helices of partner monomers, which is $80 in the wild-type complex (Fig. 1a ) and $65 in the mutant complex (Fig. 1b) . To elucidate the flexibility of the dimeric structure in different crystals/ complexes, we calculated the inter-helical 2-2 0 angle and the midpoint distance between these helices (hereafter referred to as the angle and the t distance, respectively) for all nine crystal structures and some related GLTP complexes previously deposited in the PDB (Table 3 ) using the program INTERHLX (K.Yap, University of Toronto). In addition, using the CCP4 suite, we estimated the size of each monomermonomer surface contact area, which is an usual measure of 'contact strength' in structural analyses (Janin & Chothia, 1990; Bahadur & Zacharias, 2008) . Table 3 summarizes the analyses and reveals several interesting findings. Firstly, the hinge-flexibility of the dimer arrangement is apparent for wtGLTP-SF complexes. Even within the same complex, 12:0-monoSF-wtGLTP, the angle and t distance vary significantly in the different crystal forms (68.2-80.2 and 15.4-19.5 Å , respectively), reflecting changes in dimer openness. These characteristic features are illustrated in Fig. 1(c) , in which two crystal structures of wtGLTP-SF are shown in a conditional superposition: the monomers on the left are superimposed so that the range of openness for the two dimeric forms can be clearly observed in the monomers on the right. To further Table 4 Intermolecular dimer contacts in wtGLTP and the D48V mutant complexed with 12:0 monoSF, crystal form 1.
Structure elements and residues involved in dimeric contacts are given. Only close contacts are considered, with a contact distance of <4 Å .
wt D48V Table 3 ).
assess the intrinsic nature of these variations, two dimers belonging to the same crystal (form 3 in Table 3 ) were analyzed for changes in dimer openness ( Supplementary Fig.  S1a ). The observed differences are comparable with those found in different complex types belonging to isomorphous crystals ( Supplementary Fig. S1d ). The inherent differences in dimer openness within wtGLTP-SF complexes are most dramatically illustrated by superimposition of the most open and most closed dimers (Supplementary Fig. S1b) .
It is noteworthy that the monomer-monomer surface contact areas (Table 3) of various wtGLTP-SF dimers, as well as the contribution of the protein-protein contacts, display quite small deviations from their mean values ($1850 and $1050 Å 2 , respectively), indicating conserved dimer stability over a wide range of openness. The first noticeable deviations in the surface contact areas occur in wtGLTP-disulfatide complexes, which probably indicate a slightly different mutual orientation of monomers compared with wtGLTP-monosulfatide complexes. In any case, our analyses support the following general conclusions: (i) the dimeric conformation of the wtGLTP-SF complex exhibits hinge-like flexibility and (ii) the dimer stability (as measured by the values of the surface contact area) is practically the same for all dimer conformations (open and closed) in wtGLTP-SF complexes.
In contrast, Fig. 1(d) compares the homodimeric arrangement of the D48V mutant complexed with either monoSF or diSF. Only 'closed' conformations characterized by a very narrow range of angles (62.6-65.5 ) are observed in different complexes/crystals (Table 3) . Although these values are similar to those for closed dimer conformations of wtGLTP complexes (differing by only $3-5 ), the t distances are noticeably smaller in the mutant ($10.5 versus 13.6-15.4 Å ; Table 3 ), indicating that D48V mutation promotes a shift of each monomer towards the other. This shift is emphasized schematically in Fig. 1(d) by the contacts involving Pro44 and Val48 in the D48V dimers, while the conservation of the closed conformation of D48V dimers in different crystal complexes can be clearly seen in their superposition ( Supplementary Fig.  S1c ). The extra monomer-monomer interactions arising in the mutant and described in detail in the next section stabilize the closed conformation of D48V-SF dimers, which we therefore refer to as a 'locked dimer'.
Intermolecular contacts supporting the homodimeric structure
A magnified view of the protein contact area in the dimers is shown in Fig. 1(e) by comparative superimposition of wtGLTP and D48V-GLTP complexed with 12:0 monoSF, with one monomer superimposed and with the sulfatide molecule omitted for clarity. In general, the intermolecular dimeric interactions involve multiple protein-protein, lipid-lipid and protein-lipid contacts between two partners, with the absolute majority of these contacts being hydrophobic. Protein-protein interactions (Fig. 1e) include (i) multiple van der Waals contacts between two 6 helices that face each other in the dimer, (ii) interactions between the two mutually inclined 2 helices and (iii-iv) contacts between the tip of the 2 helix and the 6 helix as well as the C-terminus of the partner molecule. Since the partner is rotated and shifted in the D48V mutant compared with that of wtGLTP (Fig. 1e) , the dimeric contacts differ in the complexes. To analyze the differences, we have grouped the intermolecular dimeric contacts in Table 4 by their contacting structural elements. In Table 4 , each pair of interacting elements is characterized by their contacting amino-acid residues and the total count of short interatomic separations (less than 4 Å ), which we refer to as interatomic contacts. The last parameter is used for comparative purposes because of its sensitivity to change in the dimer arrangement. In this context, a value of 0 indicates much weaker interaction rather than no interaction at all.
3.6.1. wtGLTP dimer. Examination of Table 4 reveals that the 6-6 0 contact is the main protein-protein interaction in the wild-type dimer. This interaction includes residues Trp142, Ile143, Lys146, Ile147, Ala150, Ala154 and Tyr153 from one protein monomer and counterpart residues, listed in reverse order, from the partner monomer. The 2 helix tip contacts the C-end 0 of the partner molecule through Pro40 and Val209*, whereas Val41 (next to Pro40) contacts the 6 0 helix through Ala151 (not listed in Table 4 ) as well as the 6 0 helix of the partner monomer through Val144* (Table 4) . The 2 and 2 0 helices undergo only very limited van der Waals interaction through Pro44 and Pro44*. It is noteworthy that the last observation is true for all complexes of wtGLTP.
The second significant contributor to dimer intermolecular interactions arises from the lipid-lipid 0 hydrophobic contacts and multiple lipid-protein 0 contacts, the majority of which are a consequence of the sphingosine-out binding mode. The contribution of lipid-protein 0 interactions to dimer stabilization is greater than any other (40 contacts in addition to 25 of 6-6 0 type; Table 4 ), consistent with our DLS-based observation indicating that lipid binding promotes protein dimerization.
3.6.2. Dimer of the D48V mutant. Compared with the wildtype protein, some interfacial regions in the D48V dimer contain noticeably expanded intermolecular contacts. The first region involves the 2-2 0 hydrophobic core formed by residues Pro44, Ala47 and Val48 with their counterparts, as was originally found in the D48V mutant complexed with 24:1 monoSF in the sphingosine-in binding mode (Samygina et al., 2011) . With 12:0 monoSF, the mutant uses a similar contact region for the major protein-protein 0 interaction in the dimer (25 versus 16 6-6 0 contacts; Table 4 ). The specific changes in the 2 0 position of the D48V dimer are shown in Fig. 1(f) . The second expanded interaction region arises from contributions from the C-end and the tip of the 2 0 -helix of the partner protein (Fig. 1g) . Importantly, the expansion strengthens the C-end-2 0 interaction compared with the wild-type dimer (18 contacts in the mutant versus two contacts in wtGLTP; Table 4 ) and affects the function of GLTP, as demonstrated in x3.11. In turn, the lipid-lipid 0 and the lipidprotein 0 interactions become weaker in the dimer of the D48V mutant (see Table 4 ) as indicated by the reduced number of interatomic close contacts, which are reminiscent of those research papers encountered in the sphingosine-in binding mode of 24:1 monoSF complexed with the same mutant (Samygina et al., 2011) .
3.7. Binding mode of 12:0 monoSF with wtGLTP versus the D48V mutant
We previously showed that the D48V mutation switched the binding mode of 24:1 monoSF from sphingosine-out in the wild-type protein to sphingosine-in in the mutant, with noticeably modified lipid conformation (Samygina et al., 2011) . The switching effect was induced by dimer interfacial changes involving the 2-2 0 hydrophobic core (Samygina et al., 2011) . Since the same core becomes the major proteinprotein 0 contact in the D48V dimer complexed with 12:0 monoSF, we were surprised to discover the sphingosine chain projecting outwards and entering the partner hydrophobic pocket in the sphingosine-out binding mode. The lipid-chain conformations of 12:0 monoSF within wild-type GLTP and the D48V mutant are shown in Figs. 2(a) and 2(b) in comparison with the sphingosine-out and sphingosine-in conformations observed for complexes with 24:1 monoSF. The similarity of the sphingosine-chain arrangements in both of the wtGLTP-SF complexes highlights the difference between two lipidbinding modes in the mutant.
Although the sphingosine-out mode of 12:0 monoSF in the D48V mutant is obvious, careful comparison (Fig. 2c) shows that it is a modified sphingosine-out conformation that is adapted to the closed dimer conformation of the mutant. Because the double mutation A47D/D48V restores the open dimer conformation along with the local negative charge repulsion in the dimer (Samygina et al., 2011) , we also studied the crystal structure of the double mutant A47D/D48V complexed with 12:0 monoSF.
The analyses of the dimeric arrangements of 12:0 monoSF within wtGLTP (Fig. 2d) , the D48V mutant (Fig. 2e) and the double mutant A47D/D48V (Fig. 2f) revealed differences in their sphingosine-out conformations. In wtGLTP (Fig. 2d) , the sphingosine chain (red rectangle) passes above the partner chain (green rectangle). In D48V-GLTP (Fig. 2e) , the positioning of the sphingosine chains is reversed. However, in the double mutant A47D/D48V the original lipid-chain arrangement found in wtGLTP is restored (Fig. 2f) . Importantly, the sphingosine-out mode promotes increased sphingosinesphingosine 0 cross-bridging contacts in the dimeric structure of wtGLTP complexes (six close contacts; Table 4 ). In contrast, in the D48V modified sphingosine-out mode (Fig. 2e) this interaction is much weaker (three close contacts; Table 4 ) and comparable (no close contact) with the sphingosine-in mode observed for 24:1 monoSF within the same mutant (Supplementary Table S3 ). The lipid-protein 0 interactions even more closely resemble those of the sphingosine-in mode (18 close contacts versus 16, respectively; Table S3 ). Therefore, both dimers (sphingosine-in-bound 24:1-monoSF and sphingosine-outbound 12:0-monoSF) have very similar monomer-monomer 0 surface contact areas (1580 versus 1540 Å 2 , respectively; Table 3 ) that are noticeably diminished compared with wtGLTP complexes (1800-1890 Å 2 ). The diminished monomer-monomer 0 contact areas of the D48V-SF dimers imply reduced stabilities, which decrease despite the expanded protein-protein 0 contacts (1300-1310 versus 1020-1090 Å 2 in wtGLTP), again emphasizing the importance of the bound ligand for GLTP dimerization.
3.8. Interactions of disulfatide with the GLTP recognition centre Fig. 3 shows the interactions of GLTP with bound N-lauroyl-3,6-O-disulfogalactosylceramide (12:0 diSF). Compared with 12:0 monoSF, disulfatide has an additional sulfo group (the 6-O-sulfo group referred to as S2 in Fig.  3b ) located on the opposite side of galactose from the 3-O-sulfo group. The research papers network of hydrogen-bond interactions (Fig. 3a) and van der Waals contacts (Fig. 3d) between 12:0 diSF and the headgroup recognition centre of wild-type GLTP is similar to that found for monosulfatides (Samygina et al., 2011) , except for sulfo group S2, which is embedded into a recess in the protein surface between residues Leu92 and Lys87 via van der Waals contacts. In addition, the 6-O-sulfo group forms a hydrogen bond to the OH group of Tyr207 (Fig. 3a) . Disulfatide and all amino-acid residues of the GLTP recognition centre are clearly visible in the electron-density map ( Supplementary  Figs. S2a and S2e). The protein structure displays no disturbance compared with wtGLTP complexed with monosulfatides. Hence, we can assume that the disulfatide found in the malaria parasite Plasmodium falciparum (Landoni et al., 2007) can also be bound by human GLTP.
Compared with the wild-type protein, the D48V mutant displays conformational rearrangements of the protein C-end and partial loss of hydrogen bonding to disulfatide (Figs. 3c  and 3d ). In particular, the mutant lacks both hydrogen bonds to the side chain of residue Asp48, which is now replaced by Val, and also lacks the hydrogen bond to His140. The latter finding was unexpected because this hydrogen bond is considered to be a key interaction in the GLTP recognition centre, since the H140L mutation almost completely inactivates GLTP (Malinina et al., 2004) . This complex is the first example of the ceramide amide group not being hydrogen bonded to the recognition centre of GLTP (Fig. 3c). 3.9. Disulfatide-binding modes within wtGLTP and the D48V mutant Interestingly, disulfatide binds to both wtGLTP and the D48 mutant in the sphingosine-out mode (Figs. 3f and 3h ). This finding indicates small (but important) differences in the mutual positioning of the two monomers in the protein-diSF dimer (compared with the protein-monoSF dimer), which probably result from the additional negative charge in disulfatide. Indeed, careful comparison reveals some monomermonomer 0 contact redistribution in the dimer in the region of the 6-6 0 and 2-2 0 protein interactions and lipid-protein 0 contacts (Supplementary Table S3 ). The result for the D48V dimer complexed with disulfatide is a conserved and more stable sphingosine-out binding mode (Fig. 3h ) compared with the monosulfatide complex as judged by the significantly larger surface contact area (2300-2250 versus 1540-1580 Å 2 ; Table 3 ). Thus, three different adaptations of sulfatide are observed upon binding to D48V-GLTP compared with wtGLTP: (i) a switch from the sphingosine-out mode to the sphingosine-in mode in 24:1 monoSF, (ii) modulation of the sphingosine-out mode in 12:0 monoSF and (iii) conservation of unmodified sphingosine-out conformation in 12:0 diSF, which noticeably increases the monomer-monomer 0 surface contact area in the dimer, mainly because of amplification of the sphingosine-protein 0 contact (Supplementary Table S3 ).
Disulfatide-protein adaptability and dynamics
To elucidate the dynamics of intermolecular interactions in the GLTP-disulfatide complex, we comparatively analyzed two crystal forms of wtGLTP and two crystal forms of the D48V mutant complexed with 12:0 diSF. The crystals of the wtGLTP-disulfatide complex represent 'open' and 'closed' conformations of the dimeric arrangement. In contrast, both D48V-diSF crystals display a closed ('locked') dimer conformation but belong to different space groups. In Fig. 4 , the disulfatide conformations are shown by pairwise superpositions, as they are bound to wtGLTP and D48V-GLTP in different crystals, with S1 and S2 indicating the 3-O-sulfo and 6-O-sulfo groups, respectively. Two conformational states of the 6-O-sulfo group can be distinguished by their different rotational angle around the C5 0 -C6 0 bond and are referred to as conformations 1 and 2 in Fig. 4 . When complexed with wtGLTP ( Fig. 4a) , disulfatide adopts conformation 1 in both crystals. However, adaptations within the open and closed dimers necessitate slightly different overall lipid conformations. In D48V-GLTP complexes (Fig. 4b ) disulfatide displays both conformation 1 and conformation 2, demonstrating a different adaptation strategy. However, the overall disulfatide research papers conformation changes less when the 6-O-sulfo group switches to conformation 2 (Fig. 4c ) than when conformation 1 is conserved (Fig. 4d) . Thus, conformation 2 appears to be a preferred adaptation for disulfatide within the locked dimer of D48V.
Superpositions of lipids enables identification of those lipid parts which become less flexible upon binding to GLTP (Fig. 4) . For instance, the 3-O-sulfo group is similarly positioned in all cases (Fig. 4) because of specific anchoring by GLTP. In contrast, the 6-O-sulfo group adopts different conformations/positions that depend on the protein (wild type or D48V) or the crystal type. Fig. 4 shows that the ligand edge comprised by the 3-O-sulfo group and acyl lipid chain is more firmly anchored to GLTP than the other edge that involves 6-O-sulfo group. 5 and 6), the position and conformation of His140 are strictly fixed. The side chain of His140 is strongly supported by a network of interactions with the environment (Fig. 5a ). In the dimer, His140 is surrounded on all sides, with each of its atoms contacting a different residue. Among the contacts are (i) the key hydrogen bond to the ceramide amide group, (ii) a hydrogen bond to the OH group of the conserved residue Tyr132 and (iii-v) van der Waals contacts with the partner sphingosine chain, the side chain of Gln145 and the C-terminal residue Val209. In addition to the side chain, the main chain of His140 also forms a network of hydrogen bonds with the main chain of Lys137 and the C-terminal main chain as well as with the side-chain amide group of Gln145 (Fig. 5b) . The entire network of interactions helps to optimally fix the position of His140 for recognition of the GSL ceramide amide group (Fig. 5c) . Because Val209 makes extensive interactions with His140 and contacts Pro40* of the partner monomer, we hypothesized that dimeric contacts involving Val209 and nearby C-terminal residues reflect changes in conformation that could be important for GLTP function.
Our structural findings shed light on the deleterious nature of deleting the ten C-end residues of GLTP on transfer activity, which is comparable with the effect of the D48V mutation (Figs. 5d and 5e ). In fact, truncation of the C-terminus destroys the interaction network with the bound lipid and can be expected to weaken the dimerization potential. The net effect is disturbance of the key hydrogen bond to the ceramide amide group, similar to the effect of the mutation D48V located at the opposite side of the same group (Samygina et al., 2011) . Also, shifting the C-terminal residues by the deletion of Tyr207 (ÁY207) strongly diminished the GLTPtransfer activity. In contrast, the point mutation Y207L, which only disrupts the hydrogen bond between the OH group of Tyr207 and the lipid head (Fig. 5c) , remains $50% active (Figs. 5d and 5e) .
The important role of the C-end in maintaining His140 is further supported by comparative structural analysis of the D48V-diSF complex with wtGLTP complexes (Fig. 5f ). As explained above, compared with wtGLTP dimers, all dimers of D48V mutant are locked. The 6-O-sulfo group of disulfatide cannot occupy its position in D48V-GLTP without pushing out Tyr207 (Fig. 3c) . Superposition of D48V-diSF and the wtGLTP complex (Fig. 5f ) shows synchronized pushing of the C-end by Pro40* (along with outward movement of Tyr207) inducing conformational rearrangements of the C-terminus and partially disrupting the network of interactions supporting His140. In response, His140 changes conformation (Fig. 5f ) and can no longer form the key hydrogen bond to the ceramide (Fig. 3c) .
Concluding discussion
In the present study, our new crystal structures reveal lipiddependent reversible dimerization of human GLTP that could be important for protein function. The key finding is a highly conserved dimeric contact interface in different crystal polymorphs and complexes. The interface encompasses the GSLbinding site and overlaps the putative membrane-docking region for GLTP monomers (Malinina et al., 2006; . The finding implies that ligand-mediated reversible homodimerization could be involved in regulating the GLTPmembrane interactions and reducing the exposure of the hydrophobic membrane-interaction region of GLTP upon translocation to the aqueous milieu. By investigating different crystal polymorphs of hsGLTP-SF complexes and the SF-specific D48V mutant, we comprehensively analyzed the dimer-interface flexibility and the GLTP lipid adaptability.
Our early structural studies of wtGLTP first revealed lipidmediated protein homodimerization, but its significance was unclear because analytical centrifugation failed to detect GLTP dimerization in solution at low protein concentrations (Malinina et al., 2006) . The recent revelation of dimer formation in D48V complexed with sulfatide containing the 24:1 acyl chain found by X-ray crystallography and by dynamic light scattering (DLS) in solution (Samygina et al., 2011) indicated the need for further study.
In the present investigation, we again used sulfatide, but varied the chemical structure to elucidate how acyl-chain shortening and/or 6-O-sulfo group addition to 3-O-sulfoGalCer regulates the structural adaptations in the highly flexible dimer of wtGLTP and the locked dimer of D48V. Short-acyl-chain sulfatides, 12:0 monoSF and 12:0 diSF, adopt the sphingosine-out mode (Figs. 2a, 2d and 3f ) upon binding to the wild-type protein in similar manner as previously shown for wtGLTP complexed with the long-acyl-chain sulfatide 24:1 monoSF (Samygina et al., 2011) . In contrast, the same lipids bound to D48V reveal a diversity of binding modes: (i) the sphingosine-in mode with 24:1 monoSF (Fig. 2b) , (ii) the reversed sphingosine-out mode with 12:0 monoSF (Figs. 2b and 2e) and (iii) the sphingosine-out conformation of 12:0 diSF (Fig. 3h) characterized by redistribution of the intermonomeric contacts (Supplementary Table S3 ) that noticeably increases the monomer-monomer 0 contact area compared with that in the wtGLTP complex. The diversity of the lipidbinding modes in D48V showing the possible lipid-chain adaptations that can occur provides essential insights into the locked dimeric arrangement. Interestingly, ligand adaptations also emerge with wtGLTP complexes bound with disulfatide.
Compared with the open dimer, the closed dimeric form promotes rearrangements of the 6-O-sulfo group of disulfatide (Fig. 4a) , albeit smaller in magnitude than those that occur in the D48V locked dimer (Figs. 4c and 4d) . When bound to D48V, the 6-O-sulfo group of disulfatide displays two conformational states distinguished by rotation around the C5 0 -C6 0 bond (Fig. 4b) . In fact, this complex revealed not only ligand adaptations but also adaptations of the protein region in proximity to the 6-O-sulfo group (Fig. 5f) and involvement of the C-terminus.
The involvement of the C-terminus in the network of interactions that holds the key residue, His140, of the recognition centre in an appropriate conformation for hsGLTP-GSL recognition (Figs. 5a-5c ) is intriguing compared with fungal and algal GLTPs. In the GLTP-like proteins from the alga Galdieria sulphuraria (PDB entry 2q52; Levin et al., 2007) research papers and the fungus Podospora anserina (PDB entry 3kv0; Kenoth et al., 2010) , the C-end seems to be involved in supporting other important parts of the GLTP fold. We suggest, therefore, that the C-end plays a unique role in each case and is an important contributor to the functional diversity of the GLTP folds. In human GLTP, the C-terminus serves as an indicator of the openness of the homodimeric structure while also being indirectly involved in supporting the ceramide amide group of the bound GSL.
The new structural insights into the ligand-dependent reversible dimerization of human GLTP changes our understanding of GLTP functionality and suggests that control of dimerization contact regions might provide a new strategy for targeting GSL-mediated pathologies.
